For 25 years, the methodologies employed to study lean management have gone relatively unchallenged. This paper reviews the development of the lean body of knowledge and reveals that the vast majority of research, being qualitative, relied heavily on researcher subjectivity. Quantitative analyses are needed to verify and strengthen existing literature and especially confirm the critical factors for lean success. Various theories requiring validation were identified and studies that incorporate Structural Equation Modelling were proposed. Such studies would advance industry practice, giving the tangible statistical evidence needed for educating practitioners. Practitioners are encouraged to consider the empirical basis of lean publications.
Introduction
Lean developed in the Japanese automobile industry as a management strategy. It focuses on continuous improvement at creating value with the elimination of waste [1] [2] [3] [4] . Lean management is now applied well beyond its manufacturing roots [5] and said to enhance business practice universally [3] . However, as a popularised management system, it is subject to the lifecycle of a fad; creation, development, and ultimately after time, decline [6] .
Whilst being considered the industry standard for systematic productivity improvement [7, 8] , the success of lean in a large variety of industries is tainted by many failed implementations [9, 10] with reports of 60-90% of improvement programs failing [11] [12] [13] . Due to this, lean has been labelled in industry as a fad and critiqued for not being applicable beyond mass production [14, 15] . Earlier critiques [16] [17] [18] have been addressed as misunderstanding lean [4, 19] but the question of what successful lean management is contingent or reliant on, is still being raised [20] [21] [22] . And whilst outright acceptance of the critiques would neglect the growing number of successful implementations in a wide variety of industries [14, 23, 24] , the high failure rate and disparate views on its benefits and even its definition [25] [26] [27] [28] show inadequacies in the body of knowledge. It is not clear what in lean is just fad as opposed to what can be leveraged for truly enhancing business practice.
The purpose of this work was to reassess and recalibrate the direction of lean research, to identify how best to address the inadequacies and thereby advance the body of knowledge. The objective being to identify which scientific approach and specific researchmethod is best suited to achieving this goal.
Although many studies of lean management have taken place over the past 25 years, the research philosophies and methodologies used in these studies have not been challenged. This is not that the methods used are necessarily wrong, but that other research approaches could have been overlooked or some methods may not have been used to their full potential. Such approaches could strengthen weaknesses in the existing studies, providing further insight and understanding of lean and its success factors. Further research that develops a better understanding of lean and its implementation can be stimulated by identifying the type of questions that need to be asked and the specific approaches that needs to be taken. Ultimately, what is the fad can be separated from what provides true value to organisations.
Lean research methods
To understand how to advance lean research, or where gaps in knowledge exist, it was important to understand not only the knowledge progression but what research methods enabled that progression.
Qualitative case studies prominent
The vast majority of lean research exhibits an interpretivist philosophy. In the best of these studies, qualitative interpretations are made from case studies. Inference from recent systematic reviews by Jasti and Kodali [29, 30] showed around 54% of articles took an entirely conceptual or descriptive approach, leaving only 46% with any empirical basis. Half of these empirical works were single case studies, 95% being cross sectional only. Sound quantitative assessment of lean and its success and failure factors was practically nonexistent. Notably a lack of empirical rigor is not a unique or new problem [66] .
Case studies have a significant part and have been used extensively from defining lean itself by analysing the Toyota Production System [e.g. 35, 36] to discovering factors for lean success [23, 48] . According to Thomas [67] :
Case studies are analyses of persons, events, decisions, periods, projects, policies, institutions, or other systems that are studied holistically by one or more methods. The case… provides an analytical frame-an object-within which the study is conducted and which the case illuminates and explicates.
Case studies allow a researcher to see causal relationships unfold in real scenarios and provide vivid examples that practitioners can follow [68] . The methods of gathering data are multifarious and so are the outputs. A researcher immerses themselves in a case seeking observation of particular matters with which to form or confirm hypotheses [67, 69] . The collected data may have no recordable value, being very much qualitative. Many variables, such as management styles and cultural considerations, may be difficult to measure quantitatively but observations can be made of their presence and apparent effects, with relevance being intuitively subscribed. Various qualitative methods have been developed and are appropriate for studying lean, including Grounded Theory and Action Research amongst others [70] . Single or repeated survey and other readily available measurement, like financial or production performance, can be incorporated into these studies [45] . The researcher may further develop their own measures as with the seminal International Motor Vehicle Program (IMVP) study [35, 36, 48] . Researches need access to comprehensive information concerning a case, with its internal and external factors, so that they can draw accurate conclusions and form appropriate mental models of what is observed. The type of case studies reported in lean research vary from personal experiences, e.g. with the conception of the TPS [1, 2] and the development of specific aspects like lean accounting [71] , to more extensive research programs, e.g. the IMVP [35, 36] amongst others [48] .
Quantitative methods underutilised
Qualitative case studies and related methodologies [70] fit well with interpreting the complex nature of lean implementation, but appropriate quantitative methods are also available and should be utilised for their specific benefits. A common quantitative approach in managerial sciences is survey accompanied by statistical analysis [72] . From the 1980′s empirical research in operations management increased to improve the fields usefulness and scientific recognition. And by 2002 survey methods accounted for 60% of these empirical works [73] . This approach has been employed in lean research in limited way. Although Jasti and Kodali [29] identified a number of quantitative and survey based empirical works do exist, survey based verification of lean theory only made up 5% of the research [29] . Of these studies, we found only one particularly significant survey based study of the causality of lean success [74] along with a few related studies [10, [75] [76] [77] .
For researchers of a more engineering and less social science bias, it is important to point out that survey based research does not merely involve polling for opinion. It can be used to gather data on specific cases and identify significant correlation and implied causality between factors. Commonly survey questions will be designed for Likert type scalar response, e.g. 'Rate the level of staff morale on a scale of 1-5?'. These scales produce a quantitative value from a somewhat qualitative question. This gives a pragmatic approach to solving real world problems as long as the researcher understands the data and its limitations [78] [79] [80] [81] [82] .
Various statistical methods can be used to analyse Likert type data. Pearson's r correlations and analysis of variance [83, 84] are common for comparing two or more variables. More advanced methods can be used to uncover key predictors, test relationships and model underlying causality. These include various data mining algorithms, exploratory factor analysis, and structural equation modelling [85] [86] [87] .
Survey methods are clearly not the only approaches to gathering or utilising quantitative data. Other forms of experimental research can leverage measured data and has in lean from early stages. For example the International Motor Vehicle Program (IMVP) [37] developed performance comparison measures utilising floor area, component parts and number of spot welds [49] . In that example, quantitative data was being used to support case study research. Large samples of data can also be mined for experimental purposes without surveys e.g. from ERP systems and general Big Data sources [88] .
Comparing approaches-qualitative versus quantitative methods
Qualitative methods provide researchers with a rich source of contextual data, not readily available in quantitative works [89, 90] . A case study allows the researcher to develop an understanding of the possible causality for an observed effect. However, each case study has an intense requirement on a researcher's time, limiting the number of cases that can be analysed and invariably resulting in small sample sizes. Over generalising from a small sample leads to bias with weakened external validity [91] . Defendants of small or selective samples argue that special cases do occur and their characteristics can be identified, i.e. research need not be so general [92] ; and for some cases a sample of one may be sufficient [93] . Nonetheless, understanding case selection and possibility of bias is important [89] . For example, the research for Lean Thinking [3] followed 50 exemplary lean cases, leaving a very solid founding for their statements. However regardless of intention and effort, some subjectivity would have unavoidably been present in their selection of cases.
The key advantage of quantitative survey methods is the ease of data gathering and analysis [89, 90] . A large sample can easily be gathered by web based survey. Although survey distribution needs to be monitored for bias, a large sample enables a better approximation of an entire population and the ability to easily compare sub-populations. Statistical methods can test theory showing relative effect sizes and gives the confidence of statistical power. However, because of the remoteness of the researcher to the case, these methods can miss important contextual factors. A lack of detail with missing variables or inadvertently neglecting a specific analysis may cause the wrong conclusion or generalisation to be made. Even though a statistically significant correlation is observed and reported, it may just be a secondary effect, removed from actual causality or not addressing a specific subsection of the population or other contingent item. Thus whether the study is qualitative or quantitative, care must be taken in making causal inferences [94, 95] . These factors also make it difficult to utilise measures found in ERP and Big Data [88] without the help of further contextual data from survey or case study.
Besides general care in research design and execution, combining the findings from quantitative and qualitative research in various ways and phases is recommended for mitigating these methodological constraints [96, 97] .
Notably other methods available in lean research include computer modelling, e.g. to analyse a process or supply chain [98, 99] and various inductive reconciling and modelling techniques [100] . However the findings from computer or intuitive modelling are withdrawn from reality and not trustworthy for testing of theory [74] . True empirical validation is needed in lean research [30] .
Assessment of the body of knowledge
Positively, the prominent case study approach to empirical lean research has given a rich contextual understanding. Negatively, theses qualitative approaches necessitated the subjective interpretations of the researchers from small sample sizes. This basic weakness of the qualitative studies prominent in lean literature highlights the need to further investigate the findings of existing research [101, 102] . The related field, organisational development was criticised in the past for propagating and exaggerating conjecture, lacking sound research [103] , forming a 'cumulative and falsifiable body of knowledge' growing from 'repeated theoretical propositions' and having 'statements quoted with reverence but not refinement' [104] . Similar concerns were raised in general operations research [74] . The lean literature in many ways is bordering this. Many contextual experiences and cases studies have developed the body of knowledge. Some of the studies are more detailed and others lack empirical basis and scientific meticulousness. This review agrees with Challis, Samson and Lawson [105] , although research was existing, the depth of the research was lacking, it was fragmented and without sufficient data. For example, a comprehensive study of the success and failure factors was not found, except in broader contextual terms. There is no doubt that excellent work has been done to identify many critical success factors for lean (CSFs) [4, 49] . What is lacking in lean is further development of and empirical proof for contextualised findings. Software such as NVivo [106] can be used to analyse unstructured case data, and potentially larger data sets can be mined. But, this still only identifies important factors and does not fully clarify the relative importance of factors and their relationships. To build on, provide clarity to, and confirmation of the qualitative works, a quantitative exploration of the specific factors, relationships, and underlying causality is needed [107, 108] . A series of these studies could address the critiques of lean, shining new light on the benefits of lean along with pitfalls of its application. The tangible statistics from these kinds of studies, based on significant data sets, would also aid in educating practitioners, adjusting any misunderstandings related to lean's benefits or how it should be applied [50, 51] .
It is clear that whilst both quantitative and qualitative approaches can be strongly argued for, for many years lean research has neglected key quantitative methods. Although quantitative methods are prone to missing key contextual factors, this is not a problem in lean as the contextual work is now well developed. Quantitative research is needed to test the qualitatively developed theory.
Filling the quantitative gap-verifying the qualitative theory
To advance the lean body of knowledge, by addressing the shortage of empirically validated lean theory, it is important to identify first which theories need validating and second the best methodology for this.
Theory for validation
Systematic literature reviews are needed to extract the specific factors [37, 109] , identify core frameworks [e.g. 32] and other components of lean theory for validation. Because the research in lean is not quantitatively verified, any of the theories from lean literature, especially existing models and frameworks, could be verified in this manner. This will require multiple studies for addressing the various theories. However, some of these theories should be addressed first due to their significant import to practitioners. As covered in the introduction, the remaining unaddressed critique of lean is related to the factors lean successes are contingent on. This is reflected in the high failure rate of implementations and the struggles practitioners continue to have in sustaining lean practices [4, 110] .
In-depth studies of actual implementations are needed to investigate the many lean success factors. Such studies should moderate cases for industry, business size and product type, as well as test the lean tools used along with other critical factors for lean implementation and organisational development. Existing frameworks could be incorporated in these moderation studies. A specific example would be verifying the lean iceberg model [4] . This study could survey a large sample of lean implementations to see what factors are most important, like employee involvement as compared to the various methods of lean. Such a study, if of a large sample, could also test the universality of lean [3] by moderating for business size and product variety. Other factors common to lean could be simultaneously tested, e.g. the involvement of consultants [61] and their utilisation as opposed to internal resources, or the problems of managing human resources [111] . Also the effectiveness of six-sigma based implementations [112] , which have undergone critique [61] , or the real relationship between lean's five principles [3] and business performance. These matters have been conceptually addressed in lean literature but findings have not yet been adequately verified.
Additional studies could investigate the effect of increased lean knowledge on how lean is understood and its competitive advantages gained. The way lean is defined and therefore understood could have profound effects on the advantages that are perceived and realised [51] . Although lean is operationalised to an extent [113] an accurate definitions is hard to crystallise [25] [26] [27] . An analysis of this might require a relatively short survey that reviews participants understanding of different components of lean and its perceived advantage.
The outcomes of the above proposed studies would both address the critiques of lean, by verifying the benefits of lean implementation and support practitioners in reaping those benefits. These works require that multiple systematic reviews of the literature be undertaken to crystallise critical success factors, including those within existing frameworks [32] . Cases of such research certainly exist [114] but need further development, refinement and then validation. These reviews should embody not only the lean literature but also broader literature in operations management [115, 116] including change leadership with organisational development.
Method of validation-structural equation modelling
To maximise the meaningful contribution of future work [117] , we specifically sought to identify the most comprehensive method for validating these existing theories. A research question generally drives the choice of methodology and, whilst an exact research question is not proposed, the basis for the questions has been set. That is, the need to address the remaining major concerns and critiques of lean management by verifying the complex causality between multiple factors and lean success, verifying the benefits of lean implementation and supporting practitioners in reaping those benefits. With this basis, path analysis by Structural Equation Modelling (SEM) was eventually identified as the best approach to further lean research.
SEM is an advanced method used for confirming hypotheses (CFA) and exploring data (EA), having significant advantages over alternative techniques, being referred to as a silver bullet [118] , the preeminent multivariate technique [119] . Lean theory involves complex causality of social and technical aspects [4] lending itself to multivariate analysis. SEM gives the researcher the ability and flexibility to model and test such theory within a data set. ' [120] . This is its considerable advantage over other multivariate statistical methods like multivariate analysis of variance [119] , multiple regression, discriminant analysis, principal components analysis and factor analysis [119, 120] that are commonly used [e.g. 75, 76] . SEM uses measured variables, often survey data, to indicate underlying (latent) factors that are otherwise difficult to measure [121] . This is similar to the other multivariate methods, but goes further to test multiple paths (causal relationships) between the constructs [118] as illustrated in Fig. 1 . And now, with the advances in software, SEM models can be used to easily and flexibly test and explore complicated theories of causality [120] . In a sense, this method even forces explicit development of the researcher's theory, requiring the specification of a models underlying structure [118] . Especially relevant to lean may be its use in longitudinal studies [122] [123] [124] . In the past, this would have required a series of detailed surveys over a number of years. Now with the extensive use of technology systems, e.g. Enterprise Resources Planning, Human Resource Information Systems and Customer Relationship Management; it is possible these existing databases, whether private or public, could be leveraged for longitudinal studies. That aside, it is because of the above many advantages of Structural Equation Modelling in quantifying causal relationships, that it is seen as the most suitable method for verifying lean theory.
It enables the researcher to '(a) model relationships among multiple predictor and criterion variables, (b) construct unobservable LVs, (c) model errors in measurements for observed variables, and (d) statistically test a priori substantive/theoretical and measurement assumptions against empirical data

SEM lacking in lean works-systematic analysis
The need to test operations theory by SEM was suggested strongly as early as 2004 [109] . SEM has been extensively used in psychology [123] and has become an important and widely used tool in operations management research [121] , but its application to lean has been very limited. A foundational literature review in 2013 uncovered one significant lean-SEM publication [75] along with 10 articles with very limited scope. Initial work operationalising lean constructs and scales had begun [113, 125, 126] . A systematic review of lean-SEM publication for this work did highlight a great increase in lean-SEM publications since then.
The systematic analysis of lean-SEM papers, first utilised the Scopus database. It searched for 'lean' within the keyword field, one of SEM and lean variants within the documents ('structural equation model', 'structural equation modelling 1 ', 'partial least squares', 'partial least square', 'pls', or 'SEM' and 'lean manufacturing', 'lean management' or 'lean production'), published up to December 2015 and excluded review papers and book sections. It is acknowledged that related works, e.g. just-in-time or kaizen based research may have relevant insight. However, this review focused on research advancing the lean body of knowledge specifically, as indicated by publication keywords and content. Of the 112 articles returned, 68 were rejected for not being SEM and two, although highly relevant for the development of scales [i.e. 113,125] were excluded for not being path analyses. This left 42 articles. To ensure a comprehensive search was achieved, the Scopus search was complemented with searches of Google Scholar. As a further effort to ensure no significant works were missed, a specific search of all operations management journals ranked three or higher by the Academic Journal Guide [128] were conducted at their publishers website. The combined searches resulted in 52 articles. Of the 52 articles found, 37 (or 67%) were published the previous three years, compared with only 15 articles the previous nine. To provide an external measure of the articles quality, they were categorised by the 2015 Scientific Journal Ranking (SJR) [129] , where SJR>1.3 equates to top ranked '3 and 4′ journals [128] . Whilst citations indices and journal rankings are not full proof measures of paper quality, the outcomes of these measures do correlate well [130] . Detailed review of all 52 articles also confirmed this as an adequate indicator of quality. Noteworthy articles can and did exist at lower SJR publications, i.e. the earlier identified work [131, SJR = 0.71] along with the work by Pont, Furlan and Vinelli [132] , but otherwise the articles of SJR < 1.3 showed low contributions (see the full list of the lean SEM articles found in the appendix with an abbreviated description of each study). The categorisation of articles (Fig. 2) showed that since 2012 the majority of them were published in lower impact publications and by implication were of lower quality [130] .
It was clear from initial review that this quantitative technique, SEM had now been adopted in lean research. However, this had only really happened in the past few years and further analysis (Table 1) showed 1 The British English spelling was used however Scopus will automatically search the American English variants also [127] . these methods still had not been utilised to their potential, specifically the potential to address the core gaps in the body of knowledge, addressing the critical factors for the success and permanence of lean implementation (see Section 4.1).
For further analysis, the 23 lean-SEM articles from journals with SJR > 1.3 were coded according to 22 categories as follows (also see Table 1 ). As an indicator of article quality, the coding included SJR 2015 [129] and ABS [128] journal rankings along with article citations (Google Scholar). The other categories chosen were decided based on what was commonly observed in the review of the papers. Whilst a general analysis was conducted (see Appendix), the categorisation particularly focused on how the papers quantitatively addressed the major concerns and critiques of lean management: the critical success and failure factors, verifying the benefits of lean and supporting practitioners in achieving them. It also coded whether existing theories were being validated, as is needed [30] . The categories were divided into three main sections for Table 1 ; firstly 'Sample' for common sample characteristics, secondly 'Focus' for research focus and thirdly 'Analysis' for characteristics of the analysis. The Sample categories firstly assessed the generalisability of the studies. That is, did the paper look beyond the manufacturing roots of lean to other industries; were the studies localised to one country or global; was there a good sample size for statistical power and enabling multi-sampling; and did the study address differences by business size e.g. differentiating between larger businesses and small to medium sized businesses (SMEs). Additionally, whether or not a shared data set was used e.g. did the researcher have full control over the data. The Focus categories included whether the article presented lean as tools and methods or as a more holistic business system [4, 50] and what specific fields were covered. Four major fields were identified through the review; supply chain management, agile management, environmental sustainability and the just in time (JIT) methodology. Finally, for Analysis categories, the research was coded as to whether actual business performance was measured. It also noted whether performance was mediated through a leanness construct [113] or if alternative model paths were tested to disambiguate findings; whether the analysis was a validation of existing theory and/or based on existing frameworks and models; and also included an assessment of how much each analysis contributed to the body of knowledge, specifically to the significant problems faced by practitioners in implementing and sustaining lean practices in a wide variety of circumstances. The specific SEM approach was also recorded; i.e. whether the SEM was covariance (Cov) or component (Comp) based and the specific method used. Following the identification of these various categories, additional reviews of the papers were used to complete and confirm the analysis.
The aggregate analysis identified clearly that the majority of these articles were limited in contribution, not addressing the core critiques of lean, the factors that lean success is contingent on. As examples, 91% addressed manufacturing only (typically high volume manufacture), 61% were localised to a specific country and only one addressed small enterprises; thus limiting generalisability and understanding of lean beyond manufacturing, geographical region and business size. Also 35% utilised a shared data set limiting the researchers control over the research design and possible contribution. Overall 70% took a tools perspective to lean, neglecting the human aspects considered critical to success with lean practices. Articles integrating agile methods with lean (17%) were more in line with the factors needed for flexibility, although models were small and overall contributions limited. Business performance was measured by 18 (78%) of the articles which is significant to proving the benefits of lean; but contributions were restricted by the above mentioned factors and that 11 (61% of these) articles moderated performance through a single "leanness" variable, operationalising lean as a single construct but obscuring the effects that the individual components of a lean system had on performance. Finally, while 11 (48%) had a theory validation component, only four papers were aligned with existing frameworks or models. As a result, 83% (19/23) were considered to contribute in only a small or at most moderate way to the body of knowledge, and only four contributed to key lean theory. The other articles did clearly contribute something to the body of knowledge, but did not address the core critiques, the understanding of the critical success factors which is needed for lean practice.
The articles categorised as addressing key theory, also had significant limitations (Table 3) . Of the four articles found, all were from the manufacturing sector, half localised in geography and half utilising shared data sets. In three of the four articles performance was mediated via a 'leanness' construct, two did focus on validation of theory but none on existing frameworks or models. And three of four had only a small or moderate contribution in their outcomes. Only one of these articles addressed the key critiques of lean, its basic success factors [133] although it addressed an arguably small sample of 75 Indian manufacturers. This was the only article that addressed SMEs, which on one hand is positive, but also limits the scope of the study itself by not being able to make comparison by business size. Other research also quantitatively addresses contingency [76, 77] but again are limited in scope, not SEM (not testing integrated causal chains) and, like many of the SEM works, tend towards a leanness or production perspective [27, 113] . Such operationalising has issues [134] and sets a bias towards taking lean as a mere set of production methods.
Significant lean-SEM studies are slow to emerge and the development of constructs is similarly lacking [113, 125, 126] . Theory in lean, especially lean implementation, is contextually mature but not verified empirically [30, 133] , let alone at a quantitative level [30] . The lack of developed lean-SEM theory suggests that an initial explorative approach is required. Of the various SEM methods available, Partial Least Squares (PLS) SEM provides a platform for this.
Partial least squares versus component based SEM
PLS-SEM has been in the shadow of other SEM methods [135] Traditional SEM methods [88] are covariance-based (e.g. LISREL), PLS-SEM is a component-based technique [135, 136] . The difference between these has been compared to the difference between Factor Analysis and Principal Component Analysis [137] . Previously covariance-based approaches were held in more regard than componentbased ones; but these two should be considered as alternatives rather than competing models [135, [138] [139] [140] as strongly evidenced by Hair et al. [141] . Papers that undermine the legitimacy of PLS [142, 143] neglect to differentiate between cases of misuse and appropriate use [144] nor provide adequate scientific evidence [138, 145] .
Until recently the most common reasons given for using PLS-SEM was its ability to handle variations from normality and analyse small samples [∼50% of articles, 146], but is most suitable where research objectives relate to the original purpose of the algorithm [118] . That is, for use in exploratory research, predictive analysis, explaining variance in latent constructs, or where theory is not well developed. Specifically, although identification issues (model accuracy and problems of improper solutions) are concerns in alternative methods, they do not constrain PLS-SEM even if models are highly complex. Problems of PLS-SEM, and other component-based methods, are overestimation of indicator loadings (measurements) and underestimation of paths [135, 147] . The poor estimation of indicator loadings and paths coefficients can be reduced by simply increasing the number of indicators and sample size [141] . PLS-SEM can also handle both reflective and formative constructs. There are many practical guides on where and how PLS-SEM should be used [118, 140, [148] [149] [150] .
In lean research, SEM is at the stage of explorative modelling with the theory under development. Therefore the most appropriate approach is component-based, of which PLS-SEM is not only the most common [151] but also most suited method [141] . Additionally, its ability to handle non-normal data and the flexibility to investigate smaller samples is beneficial [146, 147] . Although a minimum of 100-200 samples has been recommended for covariance based methods, much smaller samples, as low as n = 20 [152] , have proven successful in PLS-SEM [136] . Besides meaning less investment is required for data gathering; this can also allow multil-sampling; slicing existing datasets into smaller samples for moderation. PLS-SEM has been used in 30% of the lean-SEM publications (Table 2 ) with the majority of lean-SEM research being covariancebased. However, PLS-SEM may be the most appropriate method for this stage of lean research. As with other fields [139] , incorporating the PLS-SEM approach has great potential for advancing lean research by verifying the complex causality between multiple factors, verifying the benefits of implementation and how practitioners can reap those benefits.
Discussion and conclusions
While various methods of research are available, they are generally categorised as either quantitative or qualitative. Each of these approaches have their respective pros and cons. Ultimately the researcher has to use their knowledge and intuition to build a methodology from the available techniques that will provide the best outcome for a project considering its particular constraints; whether they are time, financial, geographical, ethical, or otherwise. However, for a specific theory to be properly verified an appropriate mix of qualitative and quantitative studies is recommended. The lean body of knowledge is unbalanced in this regard. It has historically been dominated by conceptual and qualitative empirical studies, with the quantitative works needed for validating theory being practically non-existent. Lean case studies have shown the significant benefits of lean, identified many critical factors for implementation and thereby were able to respond to the critiques of lean management. The problem is that the evidence for this existing theory is somewhat weak and not convincing to practitioners and researchers alike, as it relies on interpretive methods without quantitative validation. The result is that practitioners are not clear what aspects of lean provide true value and what are just fad.
Lean research could be advanced to a new level by properly utilising the quantitative methods common to managerial sciences, specifically the statistical analysis of survey data. These methods firstly benefit from large sample sizes, and thereby give observed relationships a measurable correlation and statistical power (effect size and significance). Second, the strength of relationships can be compared and used to rank critical success and failure factors, showing what factors are most important and making spurious relationships more recognisable. Third, complex causal relationships can be tested by advanced statistical techniques. Finally, this approach does not negate the qualitative studies but builds upon them to develop new insights as well as validate findings and mitigate any subjectivity present in the existing work.
In the past, quantitative survey methods would have been disregarded for many reasons. First, it is logical that as a field is initially emerging, more interpretive paradigms would be applied in its research to furnish an initial understanding. The early lean work for contextualising lean necessarily relied on the more qualitative approaches and this simply continued as the prevailing approach. New researchers by default may have also followed in the footsteps of their mentors, continuing with similar qualitative research approaches. Second, the ease at which conceptual articles can be written, as opposed to the rigour of empirical work, would have also played a part in the lack of empirical validation. Third, quantitative contributions would have been less due to a of lack awareness of more advanced techniques and their practical application to management science. Even Structural Equation Models, which are more graphical and intuitive than some other statistical approaches, still need a significant level of explanation to be interpreted by those who are unfamiliar. Finally, at the early stages of lean there were insufficient numbers of lean implementations for collection of a worthwhile sized data set. As surveys need to be quite detailed to cover multiple factors, the projection of low survey responses from a small pool of available cases would have discouraged these studies, even though the importance of a high response rate may be overstated [153] [154] [155] . Now, with 25 years of lean management practiced in the West, the situation for quantitative lean research is very different. The theory of lean and its critical factors has been developed with multiple theoretical frameworks. There are many cases of lean to analyse and the advancement of information technology (email, web surveys, and social media) has made data collection much more practical. Another technological help is the advancement of software for statistical analysis, especially with techniques like Structural Equation Modelling (SEM) becoming more accessible with user friendly graphical interfaces. SEM was identified here as the most appropriate method to advance lean research. This is because SEM enables the clear statistical modelling of the complex theories of causality seen in lean change; effectively testing factor interactions, moderation and mediation in a way that is not possible with other methods. SEM allows and even forces the researcher to explicitly identify the underlying structure of their theory.
The systematic analysis of lean-SEM papers showed that in the recent years many more lean-SEM articles have been published but that these have neglected to focus on validating the core lean theory. It is believed this increased number of articles inadvertently neglects the core frameworks due to the simplicity of producing alternative statistical work, exchanging core theory for academically interesting but sometimes obscure topics. The current application of SEM in this field has been piecemeal and generally restricted to a few minor factors and commonly tested by simple shared data sets. They have not advanced the understanding of the real challenges being faced by practitioners, the struggles of implementation but rather other minor and secondary matters that may be viewed as novel or interesting. This was seen with other quantitative works also, e.g. quantifying the effect of industry clock speed [77] . The articles are typically tool focused and persistently operationalise lean as a selection of production methods neglecting the significance of human factors. The resultant papers have contributed to lean generally but not to the core critiques and validation of the critical theories that is needed.
SEM method needs to be used to model more of the specific causality within lean, the causality between factors as depicted in lean implementation models and frameworks, the core drivers for success and the common causes of failure. Researchers need to take full advantage of the advances in technology, including the large data sets that can now be gathered through web survey, and the advances in understanding what factors drive lean success. This work will require multiple systematic reviews of the literature be undertaken to crystallise the critical success factors, including those within existing frameworks [32] , in order to develop the survey instruments. Cases of such research certainly exist [114] but need further development, refinement and then validation. These systematic reviews should embody not only the lean literature but also broader literature in operations management including change leadership or organisational development.
With the lack of quantitatively validated lean theory, the field contains many theories for testing and therefore opportunities for future research. However, because of the importance to practitioners, it is especially crucial that the existing theories of lean implementation be verified first. A number of theories needing validating were extracted from the literature and discussed. These included a study of the effect of increased lean knowledge on the understanding of lean and its competitive advantage and also a detailed analysis of lean implementations. Many other factors also warrant investigation, e.g. the effect of relying on consultants as opposed to internal resources. These matters have been addressed conceptually or qualitatively in lean literature, but the findings have not yet been adequately verified.
Partial Least Squares SEM (PLS-SEM) is most suited to this current stage of lean research, as the theory is still under development. Once initial PLS-SEM explorative modelling is completed, more constructs for lean can be developed and other SEM techniques could be incorporated.
The proposed studies would provide clear statistical evidence of the benefits of lean and the contingencies for obtaining them. It will show with more clarity where practitioners have misstepped and also address the existing critiques of lean. The quantifiable outcomes (the real numbers) will become a powerful tool for the education of practitioners, as opposed to the current qualitative evidence.
It should be clear, the emphasis of this study is not merely that in the past quantitative studies were less and more are needed. Quantitative techniques like SEM are now being used in lean but this work points out that, this has only really developed in the recent years and these methods have not been utilised to address the core gaps in the body of knowledge in the way that is needed. Effort is needed to verify and develop the existing theory, especially to validate and advance the existing models and frameworks for lean change. Other literature [30, 31] has identified in general terms that quantitative work is less but this work goes further in addressing how the lean literature developed and in giving a specific direction for advancing lean research. 
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For practitioners the implications of this work is that they need to understand the development of the lean body of knowledge and the difference between conceptual and empirically validated theory. Specifically they should be aware that the lean body of knowledge is not fully mature. The critical success factors and associated frameworks in lean literature require further validation and refinement by quantitative empirical study. Hence, mixed opinions and approaches exist in the literature and they should be taken with consideration of their empirical basis and the acknowledgement that alternate views may exist.
Limitations
The analysis of SEM articles relied on subjective classification by the authors. This work also uses the evidence found in others systematic reviews. Whilst seen unnecessary to immediately repeat the analysis of others, it is acknowledged that those reviews include subjective classification outside of the control of this work.
The systematic analysis of lean-SEM articles had a relatively small sample size. That is a sample of 53 compared with 254 for other studies [31] . This was unavoidable due to the narrowness of the field under investigation but nonetheless a limitation.
Other techniques, experimentation and data may also add value to the qualitative work. A current trend is 'Big Data' analysis e.g. of consumer behaviours. Innovative use of all available data to aid research needs further exploration along with various related fields, including agile methods and general continuous improvement or kaizen, which have similar issues but were outside this review's scope.
Conclusion
The purpose was to reassess and recalibrate the direction of lean research. Although many studies have taken place over the past 25 years, the research philosophies and general methodologies used were not challenged. This has left room for weakness in the lean body of knowledge. This review demonstrated that (1) the vast majority of research in this field has been conceptual or qualitative in nature relying heavily on researcher subjectivity; (2) quantitative analyses are needed to verify these past studies and strengthen the body of knowledge; (3) these studies should utilise the statistical methods common in managerial sciences, especially Structural Equation Modelling (SEM); (4) this quantitative work should be used to investigate the complex causality amongst the core factors needed for lean's success instead of the minor matters being addressed in existing SEM studies; and (5) this kind of analysis will provide a better understanding of the factors that affect lean implementation giving the tangible statistical evidence needed for educating practitioners and addressing the critiques. Specific theories requiring validation were identified and multiple systematic analyses of the lean and related literature are needed to identify the factors in further detail. Finally, (6) practitioners themselves should not take any opinions of lean without the consideration of their empirical basis and the realisation that alternate views may exist. In this way, practitioners will learn to discern between what is just fad and what will truly enhance business performance and provide value to an organisation.
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